In Trypanosoma brucei we identified two TCTP genes differentially expressed during the 30 parasite life cycle and discovered the mechanism by which this expression is controlled. 31 Furthermore, we demonstrate that TCTP is important for cell growth as well as proper cell and 32 organelle morphology in the insect form of the parasite. 33 34 Abstract 35 36 TCTP is a highly conserved protein ubiquitously expressed in eukaryotes. Studies have reported 37 TCTP to be involved in growth and development, cell cycle progression, protection against 38 cellular stresses and apoptosis, indicating the multifunctional role of the protein. Here, for the 39 first time we characterize the expression and function of TCTP in the unicellular parasite 40
We have identified a paralog of the previously described TCTP homolog in T. brucei Moya et al., 2008) The two genes are tandemly arrayed on chromosome eight and we named 160 them TbTCTP1 (Tb927.8.6750) and TbTCTP2 (Tb927.8.6760) . Phylogenetic analysis of the 161 TCTP protein sequence confirms the very conserved primary structure throughout the 162 eukaryotic supergroups ( Fig S1) (Hinojosa-Moya et al., 2008) . However, in contrast to previous 163 reports most of the currently sequenced Kinetoplastea genomes contain two paralog TCTP 164 genes similar to what has been described in Arabidopsis and Dictyostelium (Hinojosa-Moya et 165 al., 2008) . Within the Kinetoplastea the TCTP orthologues show up to 80% sequence similarity, 166 while it exceeds 95% in the paralogs of this group. In several Kinetoplastea including 167 Leishmania major and Crithidia fasciculata the paralogs are identical in the amino acid 168 sequence. In T. brucei the paralogs contain five amino acid changes of which three are non-169 conservative (p. L23V, G54A, D62A, G64E, G85N; Fig 1A) . The TCTP sequence conservation 170 between Kinetoplastea and other Eukaryotes is up to 35% and includes the proposed 171 microtubule, Ca 2+ binding and the TCTP domains ( Fig S2) . Both genes have an identical 5'UTR 172 and ten nucleotide changes in the ORF leading to the five changes at the amino acid level. 177 When we probed for TCTP expression in BSF and PCF parasites, we found that apparently two 178 different isoforms of the gene were expressed (Fig 2A) . We wondered if these isoforms 179 represent the different paralogues and probed for the specific TCTP1 and TCTP2 3'UTRs in 180 the BSF and PCF parasites. Northern blot analysis confirmed that TCTP1 mRNA is expressed 181 in PCF trypanosomes while the TCTP2 mRNA is barely detectable in this life cycle stage (Fig   182   2B ). The opposite is observed for BSF trypanosomes where TCTP2 is the predominantly 183 expressed paralog ( Fig 2C) . Furthermore, we determined the half-live of each transcript in the 184 life cycle stage where it is expressed. For this we incubated the cells with Actinomycin D (10 185 µg/ml) to stop transcription. Total RNA was collected at the indicated time points after 186 Actinomycin D treatment (Fig 2B, C) and analyzed by northern blot. 18S ribosomal RNA was 187 used as loading control. The mean relative mRNA abundance of TCTP1 and TCTP2 from eight 188 7 time points following Actinomycin D treatment was measured and showed a continuous 189 decrease. The half-live of TCTP1 mRNA in PCF was calculated to be ±217 minutes while the 190 half-live of TCTP2 mRNA in BSF was ±51 minutes ( Fig 2D) . To better understand the 191 mechanism of stage specific expression and the role of the 3'UTRs we created two constructs 192 in which the TCTP1 or TCTP2 3'UTR is linked to a reporter gene (chloramphenicol 193 acetyltransferase, CAT, Fig 3A) . Both constructs were transfected in PCF and BSF 194 trypanosomes to integrate into the tubulin locus. Total RNA from three different clones of each 195 life cycle stage was isolated and further analyzed by probing against the CAT ORF ( Fig 3B, 
196
C). We observed that in PCF trypanosomes the CAT-TCTP1 construct was well expressed in 197 all clones, while the CAT-TCTP2 construct was barely detectable ( Fig 3C) . In the BSF cells, 198 the CAT-TCTP2 was detected in all clones whereas the CAT-TCTP1 construct was not 199 detectable ( Fig 3B) . Thus, the 3'UTRs of TCTP1/2 are responsible for the differential 200 expression of TCTP1 and TCTP2 in PCF and BSF trypanosomes, respectively. For the further analysis of the localization and function, we focused on TCTP1 in the PCF cells.
204
In order to localize TCTP1 we produced a polyclonal antibody in rats. In biochemical 205 fractionations of total cell extracts with digitonin TCTP1 localized to the cytoplasmic fraction 206 (Fig 4) . Since the antibody did not work in immunofluorescence microscopy, we tagged TCTP1 207 N-(myc) and C-terminally (triple HA) and checked for its localization using anti-myc and anti-208 HA antibodies. The ectopically expressed TCTP1 was distributed in the cell in a pattern that is 209 consistent with a cytoplasmic localization. Additionally, we found a discernible depletion of 210 TCTP in the nucleus ( Fig 5) , and did not detect any change of localization or abundance during 211 the cell cycle ( Fig 5) . The in-situ c-terminally tagged TCTP1 showed the same localization 212 pattern ( Fig S3) . To determine the function of TCTP1 in PCF parasites we depleted TCTP mRNA by performing 217 RNAi against the TCTP ORF. We could show that TCTP protein levels were strongly depleted 218 after 48 hours of RNAi induction (Fig 6 inset) . PCF cells started growing slower at day three 219 post induction and continued to do so at least until day eight. We analyzed the karyotype and 220 the morphology of the TCTP depleted cells by DAPI staining for the nucleus and kinetoplast 221 8 DNA, and phase contrast images ( Fig 7A) . Upon eight days of TCTP RNAi induction we 222 observed an increase on 1K1N cells from 71% to 81% and a decrease of 2K1N cell from 21% 223 to 12% ( Fig 7B) . We noticed an accumulation of cells displaying a "tadpole" morphology (up 224 to 40%, Fig 7C) . These cells are characterized by a distinct shape of the cell body where the 225 posterior end of the cell is round and enlarged whereas the anterior becomes more slender than 226 in the wild type situation ( Fig 7A) . This change in morphology was confirmed by calculating Fig 7E) , a significant reduction in L/D ratio was calculated for the cells where 231 TCTP was depleted ( Fig 7D) . When we measured tadpoles only (n = 7), the mean surface area 232 is reduced from an average of 40 m 2 to an average of 29 m 2 . The L/D ratio was also reduced 233 from an average of eight in the non-induced population to an average of 5.4 in the induced ones.
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This phenotype was observed exclusively in 1K1N cells indicating that the change in shape is 235 likely a consequence of improper cytokinesis. 236 Since TCTP has been shown to be a Ca 2+ binding protein in trypanosomes (Haghighat and 237 Ruben, 1992) we wondered if depletion of the protein has an effect on the acidocalcisomes 238 (ACs), the major Ca 2+ storage organelles in the cells. We visualized the ACs by 239 immunofluorescence microscopy using the vacuolar proton pyrophosphatase (VP1) antibody 240 ( Fig 8A) (Rodrigues et al., 1999) . Additionally, the DNA and cell morphology were visualized 241 by DAPI and phase contrast images ( Fig 8A) . We noticed that upon six days of TCTP 242 downregulation the ACs were enlarged in size and the VP1 visualized no longer as small dots 243 but as larger ring-like structures ( Fig 8A) . This change in ACs morphology occurred in all cell 244 cycle stages. We visualized and confirmed this difference by images acquired with super 245 resolution microscopy ( Fig 8B) . We counted the total number of ACs in non-induced and 246 induced cells (n=10) and within each cell sorted them as dot-like or ring-like shaped. We 247 noticed that in induced cells not only the total number of ACs per cell is reduced from an 248 average of 21 to an average of 14, but also the number of ring-like ACs per cell increases up to 249 four-fold ( Fig 8D) . Furthermore, we looked at the ultrastructure of the acidocalcisomes before 250 and after TCTP depletion by transmission electron microscopy (TEM). As previously shown 251 ACs are recognized as vesicles either empty or containing electron dense material ( Fig 8C) 252 (Rodrigues et al., 1999) . The mean area of the acidocalcisomes was measured in random thin 253 slices (n=80) from RNAi induced and non-induced cells. As already seen in the fluorescence 254 microscopy the size of the acidocalcisomes increases significantly ( Fig 8E) . We also tested if 255 9 the organelle size increase might correlate with an increased storage of phosphate in the 256 organelles however were unable to identify any differences by epifluorescence microscopy. The 257 second most important storage compartment for calcium is the mitochondrion. In order to check 258 if the depletion of TCTP leads to mitochondrial structure abnormalities we visualized the PCF 259 mitochondria by immunofluorescence microscopy using an antibody targeting the 260 mitochondrial matrix heat shock protein 70 (HSP-70). The images showed that upon six days 261 of TCTP depletion, accumulations appeared within the mitochondrial network ( Fig 9A, 262 arrowheads point to accumulations). In the vast majority of cases, there was a single 263 accumulation within one cell and it is located predominantly between the nucleus and kDNA. TCTP has gained significant attention in recent years since it has been recognized as therapeutic 287 target in prostate, breast and lung cancers. Consequently, more than 300 publications describe 288 the large variety of processes TCTP might be involved in, including apoptosis, cell cycle 289 regulation, stress response, just to name a few (Chan et al., 2012a) . Surprisingly little is known 290 about the molecular mechanism by which TCTP is involved in these many different processes 291 or how the gene might be regulated. While the 5' UTRs of two paralogues in T. brucei are identical and the ORFs only contain ten 301 nucleotide polymorphisms, the 3' UTRs are very different in length and sequence. A similar 302 situation has recently been described for two genes encoding cytoskeletal proteins in T. brucei, 303 however there the mechanism of gene expression regulation remained unexplored (Portman 304 and Gull, 2014). For the two TCTP paralogues in T. brucei we provide strong evidence that the 305 mechanism by which these two genes are differentially regulated is based on the different 3' 306 UTR sequences providing a prominent example of posttranscriptional regulation in T. brucei.
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The difference in half-life of the two TCTP transcripts (Fig 2D) , can at least partially be 308 attributed to the different growth rates of the two life cycle stages. Interestingly, the feature of 309 two different 3' UTRs in TCTP transcripts is also found in other species. In humans and rabbits 310 for example the TCTP gene is transcribed as two mRNAs that only differ in the length of their 311 3'UTR as a result of differential polyadenylation (Thiele et al., 2000) . Both mRNAs are co-312 expressed in almost all tissues. Interestingly, the TCTP transcript with the shorter UTR is often 313 times more abundant than the long UTR counterpart, however so far no function has been 314 assigned to this observation (Thiele et al., 2000) . Thus, the different UTRs might also have a 315 function independent of the protein product a possibility that has previously been described 316 albeit for the entire TCTP mRNA. Bommer and colleagues suggest that the TCTP mRNA is a 317 highly folded mRNA that can bind to and activate the dsRNA-dependent protein kinase (PKR) 318 an important regulator of translation (Bommer et al., 2002) . Thus, one could speculate that the 319 different TCTP 3' UTRs might also be involved in the specific biology of the two different life 320 cycle stages.
321
The cytoplasmic localization of TCTP1 in T. brucei is similar to what has been described for 322 most organisms (Acunzo et al., 2014; Rinnerthaler et al., 2006) , and has recently been 323 confirmed by a tagging screen of the TrypTag consortium on the TriTrypDB website. However, 324 the TrypTag high throughput study additionally identified a localization at the flagellum, which 325 we did not detect in epifluorescence microscopy or biochemical fractionations. We also did not binding protein and to be involved in the formation of the mitotic spindle (Gachet et al., 1999) .
344
Interestingly we also detected a change in mitotic spindle staining in the PCF cells upon RNAi 345 ( Fig S4) that would support the potential role of TCTP1 as a tubulin binding protein. While at 346 this point, we have not further experimental evidence for the tubulin interaction activity of 347 TCTP1 we can already exclude that it is involved in all tubulin turnover/processing events since 348 we did not detect any effect on the basal body or flagellum biogenesis in PCF TCTP RNAi 349 knockdown cells (Fig S5-S6) . In conclusion, this study for the first time characterizes the universally conserved TCTP protein 360 in the Excavates and attributes a function to the different 3'UTRs of TCTP, a feature that is 361 seen in many different groups. Our experiments clearly demonstrate that the 3'UTRs are the 362 responsible elements for the differential expression of TCTP1 and TCTP2 paralogues in the 363 BSF and PCF trypanosomes. Similar to what has been described previously in other groups 364 TCTP seems to be involved in a variety of functions and based on the acidocalcisome and 365 mitochondrial phenotypes we add Ca 2+ homeostasis to the list of potential TCTP entanglements. (E Wirtz et al., 1999) . The BSF cells were cultured at 37°C and 5% CO2 386 in HMI-9 medium supplemented with 10% FCS (Hirumi and Hirumi, 1989) in the presence of 387 2.5 g/ml geneticin (G418). The PCF cells were maintained at 27°C in SDM-79 medium with 388 10% FCS (Brun and Schönenberger, 1979) , 2015) . Upon transfection (as described above) the clones were selected with puromycine. Clayton). The plasmid was linearized by NotI digestion at the -tubulin targeting sequence. The 409 constructs were transfected in wild-type BSF and PCF cells (described above) and the clones 410 were selected with G418. For northern blot analysis, total RNA was extracted from trypanosomes by re-suspending 10 8 414 trypanosomes in 1 ml RiboZol TM (Amresco). The RNA was purified by phenol/chloroform, 415 precipitated with ethanol and unless directly used, stored at -20 0 C. 8-10 g RNA was resolved 416 in 1.4 % agarose gels and transferred overnight (ON) onto nylon cellulose membranes 417 (Millipore) by capillary blotting. The membranes were incubated ON with radioactively 418 labelled (α-P32-dCTP) PCR generated probes using Random Primed DNA Labeling Kit 419 (Roche). For normalization the blots were re-probed for 18S ribosomal RNA (rRNA). The 18S 420 rRNA probe was generated by T4 PNK labelling of an 18S oligonucleotide with γ-P32-ATP.
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The probes for the ORF and 3'UTRs of TCTP1 and TCTP2 were generated by amplifying the 422 ORF or specific fragments of the 3'UTRs post the Stop codon: 14-488 nt for TCTP1 and 6-606 423 nt for TCTP2 using the genomic DNA as template. The CAT probes were generated by 424 amplification of the CAT ORF (13-436 nt) using pHD2169 as template. For the mRNA decay 425 analysis, the transcription was blocked by addition of Actinomycine D (10 µg/ml) and total 426 RNA was isolated from the cells (as described above) at different time points after addition (0 427 min, 10 min, 40 min, 90 min, 240 min, 420 min and 600 min). Three biological replicates were 428 performed. GraphPad Prism was used to plot the mean relative mRNA abundances at each time 429 point (normalized to 18S RNA) and calculate the mRNA half-lives. The full length ORF of TCTP1/2 was cloned into pHIS-parallel-1 vector which allows the 432 expression of TCTP1/2 as a fusion protein with the HIS6 peptide (Sheffield et al., 1999) .
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Expression of the fusion protein was induced for 2 hours in E. coli BL21 paplac strain at 434 OD600=0.8 by addition of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Next, the 435 bacteria were kept in cold, re-suspended in lysis buffer (50 mM NaH2PO4, 300mM NaCl, 5mM 436 Imidazol, 10% v/v Glycerol, protease inhibitors, pH=8.00), sonicated and spun down at 9500g 437 for 30 minutes at 4 0 C. The supernatant containing the proteins was loaded into Ni-charged 438 IMAC resin columns (BIO-RAD) and the HIS6-TCTP1/2 fusion protein was purified by 439 immobilized metal affinity chromatography in elution buffer (50 mM NaH2PO4, 300mM NaCl, 440 20mM Imidazol, pH=8.00) and used to produce rat polyclonal antibody (Eurogentec, Belgium). The primary antibodies used in this study were: rat α-PFR (1:1000, (Kohl et al., 1999) ), rat α- We would like to thank Roberto Docampo for the VP1 antibody. Christine Clayton for 508 providing the pHD2169 vector. Anneliese Hoffmann for critically reading the manuscript.
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